Quorum sensing is recently considered to play important roles in biological wastewater treatment processes. This study aimed to investigate diversity of N-acyl homoserine lactones (AHL) among biological wastewater treatment processes and their locations. We analyzed and quantified 10 AHL in activated sludge at wastewater treatment plants (WWTPs) by Fourier transform mass spectrometry (FTMS) and by bioassay on thin-layer chromatography (TLC). Sludge samples were taken at seven WWTPs in Japan and in Thailand, which were chosen to compare different process types including a pilot-scale membrane bioreactor process. Various AHL were detected in activated sludge, suggesting the presence of quorum sensing activity in many practical WWTPs. Detection of AHL by LC-FTMS was much more sensitive than by TLC bioassay, because TLC bioassay was implied to be affected by the presence of quorum quenching molecules in activated sludge. With LC-FTMS analysis, AHL, which has short straight chain in the acyl group, were more abundant. Especially, C 4 -HSL, C 7 -HSL, and C 8 -HSL were detected widely independent of locations and process types. AO processes had higher AHL productivity than other processes.
INTRODUCTION
Some microbes are known to secrete signal molecules to detect their population density, then activate their group behavior when the signal molecule reaches a threshold concentration. This phenomenon of microbial cell-to-cell communication, known as "quorum sensing", is recently considered to play a certain role in biological wastewater treatment processes. [1] [2] [3] [4] Among various signal molecules reported so far, N-acyl homoserine lactones (AHL) are known to be the main signal molecules of Gram-negative bacteria. The chemical structure of AHL comprises a homoserine lactone (HSL) moiety, linked to a variable acyl side chain. 5 The length of acyl chain varies from 4 to 18 carbon atoms of straight chain structure or with side chain of 3-hydroxyacyl or 3-oxoacyl groups. [6] [7] [8] [9] [10] [11] The various AHL are reported to trigger group behaviors, such as biofilm formation, production of extracellular polymeric substances (EPS), virulence factors, pigments, etc. 2, 10, 12 Importance of quorum sensing in wastewater treatment has been reported in membrane bioreactor (MBR) processes. Degradation of quorum sensing signal molecules by acylase or specific bacteria, called "quorum quenching", is reported to be effective to reduce membrane fouling. [13] [14] [15] [16] [17] This is probably because quorum sensing triggers production of EPS, which are the major foulant in MBR. [18] [19] [20] However, among various species of AHL, it is still unclear what AHL species are important to induce microbial group behaviors that affect treatment performance and membrane fouling. Meanwhile, effects of quorum sensing on treatment performance in other biological wastewater treatment processes are still unknown. If quorum sensing stimulates EPS production as reported in MBR researches, it might enhance flocculation and improve settleability of activated sludge. However, role of quorum sensing in conventional wastewater processes, including whether it really occurs, has not been investigated much so far.
Detection of AHL is one of the direct evidences on occurrence of quorum sensing. The popular methods to detect AHL are bioassay using recombinant microbial reporter and liquid chromatography with tandem mass spectrometry (LC-MS/MS) after extraction by organic solvents, e.g., dichloromethane, ethyl acetate, chloroform. 12 The microbial reporter assay is often used due to its simple and easier experimental procedures. 17, 21, 22 A microbial reporter strain is designed to indicate color, luminance, or fluorescence responding to the presence of AHL. Microbial reporter strains that are often used in recent studies have a recombinant plasmid in which LuxR homolog regulates lacZ reporter to produce β-galactosidase. Presence of AHL can be detected with blue color formed by degradation of X-Gal with the produced β-galactosidase. A significant advantage of the bioassay is its high specificity. Owing to its principle of biological response, microbial reporter assay can accurately detect only AHL among various substances, which may also be contained in the extract. Identification of AHL species is also possible by combination with thin layer chromatography (TLC). [21] [22] [23] However, accurate quantification of AHL concentrations is difficult from spot area calculation on TLC. LC-MS/MS is also applied to identify AHL species produced by pure culture of quorum sensing bacteria. 12 To identify AHL species by LC-MS/MS, each AHL species is to be purified and concentrated by preparative high-performance liquid chromatography (HPLC). This method enables more reliable identification and is much more quantitative than bioassay.
However, it consumes much time when it targets various species of AHL or many samples.
Occurrence of quorum sensing in biological wastewater treatment is considered to be probable so far according to several reports on the presence of AHL in lab-scale MBRs. 2, 17 Presence of AHL in conventional activated sludge (CAS) processes has been reported only by Chong et al. 24 who first reported the presence of AHL in activated sludge, and Tan et al. 3 who detected and quantified AHL in an aerobic granule process. However, diversity of AHL in activated sludge and difference among treatment plants, process types, and cities are unknown yet. Moreover, knowledge on quantity of AHL species in activated sludge is still limited because most previous studies aimed at only detection of AHL but not quantification. One of the difficulties in detection of AHL in activated sludge is their low concentration. Typical AHL concentrations are at ng/L levels in aerobic granules and in pure culture of quorum sensing bacteria. 3, 9, 21 Therefore, to detect AHL in activated sludge, the sludge extract need to be concentrated at a high ratio up to 5000-10,000 times. This high ratio of concentration makes it difficult to identify AHL among other micropollutants, which are also extracted and concentrated from the activated sludge. Fourier transform mass spectrometry (FTMS), which enables to obtain mass spectrum with very accurate mass-charge ratios (m/z), is recently developed and applied to detection of profiling of organic matter in river water, organic matters in reclaimed water, and micropollutants in drinking water. [25] [26] [27] The advantage of FTMS is that it enables to extract mass spectrum of target compounds by their accurate specific m/z. By using LC-FTMS, we can acquire a LC-mass spectrum with m/z, which is identical to each AHL species. 5 Then we can identify and quantify a target AHL species in a sludge extract from its retention time and peak area. So far, LC-FTMS have been used for detection of AHL in pure cultures of bacterial isolates 5, 28 ; however, it has not been applied yet to detection of AHL in a complex culture of activated sludge.
Aiming to investigate diversity of quorum sensing in practical wastewater treatment, this study quantified various AHL species in activated sludge, which were taken from practical-and pilot-scale wastewater treatment plants (WWTPs) treating actual wastewater. In this study, LC-FTMS was applied for identification and quantification of AHL.
RESULTS AND DISCUSSION
Diversity of AHL in activated sludge A variety of AHL were detected by LC-FTMS in all sludge samples (Fig. 1) . It was evidenced that various quorum sensing signal molecules are produced in activated sludge at practical-scale WWTPs. Especially, some AHL were detected at higher concentration in SS phase than in liquid phase. Among the 10 AHL species, C 4 -HSL was found at all WWTPs. The concentration range of C 4 -HSL were 50-150 ng/L at most WWTPs except D, where other AHL species were also detected at very high concentration. C 8 -HSL, 3OH-C 8 -HSL, and 3OH-C 10 -HSL were also detected in most WWTPs with a wide range of concentrations.
When AHL profile in liquid and SS phase were compared, C 4 -HSL and 3OH-C 8 -HSL were likely to be detected at higher concentration in SS. Meanwhile, C 7 -HSL was present only in liquid phase except MBR. AHL found mostly in SS phase were relatively hydrophobic ones that have lower octanol-water partitioning coefficient (K ow ). Meanwhile, partitioning of relatively hydrophilic AHL were not likely to depend only on their hydrophilicity. Log K ow of C 8 -HSL and 3OH-C 10 -HSL were higher than those of C 7 -HSL, which were detected only in liquid phase. However, C 8 -HSL and 3OH-C 10 -HSL were detected also in SS phase at high concentrations at WWTP D. Some hydrophilic AHL was detected in SS phase probably because sludge flocs have both types of binding sites, which have affinity to hydrophilic and hydrophobic substances. Therefore, AHL produced in sludge flocs would be present both in SS and liquid phase. Meanwhile, hydrophilic AHL produced outside the flocs would be detected only in liquid phase. Consequently, detection of some AHL only in liquid phase implies that these AHL were produced by drifting microbes that were present apart from sludge flocs.
There are limited number of reports on AHL in activated sludge. Tan et al. 3 detected C 4 -HSL, C 6 -HSL, C 7 -HSL, C 8 -HSL, 3O-C 6 -HSL, and 3O-C 8 -HSL in supernatant of aerobic granules by using LC-MS/ MS. Chong et al. 24 also detected C 7 -HSL, C 10 -HSL, and C 12 -HSL in activated sludge and C 4 -HSL, C 6 -HSL, C 8 -HSL, and C 12 -HSL from a culture of an Aeromonas sp. strain isolated from the sludge, using LC-FTMS and TLC bioassay. Recently, MBR sludge is more popular target of AHL analysis. In MBR sludge, C 4 -HSL, C 6 -HSL, C 8 -HSL, and 3O-C 8 -HSL have been detected by HPLC 14, 29 and C 6 -HSL, C 8 -HSL, and C 10 -HSL by TLC bioassay. 16 However, concentrations of AHL in activated sludge were not quantified in those studies except by Tan et al., 3 which analyzed supernatant of aerobic granules. Concentrations of AHL were also quantified in several studies on pure culture of AHL-sensitive isolates. 9, 21 In those studies, concentrations of AHL were at ng/L level. AHL concentrations in activated sludge was expected to be lower than those because other bacteria species which do not produce AHL also exist in the sludge. However, we have found that various AHL are present in activated sludge at practical-scale WWTPs at upto 100-200 ng/L at most WWTPs. That suggests that quorum sensing activity in activated sludge at most WWTPs is no less than reported in the past study. 3 Most frequently detected AHL were the ones with relatively short side chain, such as C 4 -HSL, C 7 -HSL, C 8 -HSL, and 3OH-C 8 -HSL. These AHL were also frequently detected in the past studies. 14, 16, 24, 29 Concentrations of AHL with no substitution in the side chain were higher at most sludge samples.
On the contrary, less number of AHL species were detected by TLC bioassay than by FTMS (Table S1 ). For example, C 4 -HSL and C 6 -HSL were not detected in any samples by bioassay although they were found widely by FTMS. One possible reason is higher detection limit in bioassay than in FTMS. However, detection limits by the bioassay in this study ranged from 1 pg/L to 1 ng/L, which were much lower than concentrations detected by FTMS. Therefore, this underestimation of AHL by TLC bioassay is not because of low sensitivity. It is reported that quorum quenching, which hinders quorum sensing, also occurs in activated sludge. There are three mechanism of quorum quenching: inhibition in synthesis of signal molecules, degradation of signal molecules, and interference with signal receptor. 30, 31 The bioassay utilizes quorum sensing mechanism of the reporter strain. Therefore, if a sample extract contains any molecules that quenches quorum sensing, production of β-galactosidase by the reporter strain may not be triggered. As a result, AHL in the sample extract would be underestimated or not detected. Another possible reason is false positive in identification by FTMS. In FTMS analysis, an AHL species was identified by its retention time in LC and the representative m/z. 5 In this study, the target range of the representative m/z were set as strict as ±5%. Since m/z is determined by the third decimal place in FTMS, the molecular formula of the mass spectrum is identical to the target AHL. Among peaks of the mass spectrum, the target AHL was identified by retention time within ±0.1 min of the standard. We confirmed that there was no significant shift of retention time by the sample matrix from analytical tests with internal standards. Although the method employed in this study could not perfectly exclude other substances in sludge, LC-FTMS was more appropriate to detect a broader variety of AHL with higher sensitivity and quantitativity than TLC bioassay.
Difference of AHL profiles among WWTPs
From principal component analysis (PCA), difference of AHL profiles among WWTPs were characterized better when compared by AHL productivity, which was calculated as mass of AHL per mass of MLSS (Table 1) . Three major principal components were found to contribute to 93.7% of total variance ( Table 2 ). The first principal component (PC1) had positive correlation with all AHL except C 6 -HSL. The PC1 was relatively higher in anoxic-oxic (AO) process (E and F) than other processes (Fig. 2 ). WWTP D also had the positive PC1 value. At WWTP D, aeration had been stopped for a while due to unexpected power failure 10 min before sampling. Therefore, productivity of C 4 -HSL and 3OH-C 8 -HSL probably became high after the sludge was exposed to anaerobic condition. The second principal component (PC2) correlated positively with productivity of C 7 -HSL but negatively associated with productivity of C 4 -HSL, C 6 -HSL and 3OH-C 8 -HSL. The PC2 values were negative at WWTPs A and D and positive at the others. The third principal component (PC3) was negatively contributed by productivity of C 6 -HSL. Three samples at WWTP A were taken to confirm fluctuation by sampling day and reliability of grab sampling. From the results of WWTP A, fluctuation by sampling day was limited in PC1 and PC2, although PC3 was more dependent on sampling days (Fig. 2) . Therefore, C 6 -HSL was more likely to be affected by fluctuation of operating conditions and influent wastewater, e.g., temperature, retention time, wastewater quality, etc. Other AHL was probably more specific to the WWTP rather than daily conditions of operation and influent wastewater. The PC2 were very high at WWTP D and relatively higher in Japan than other WWTPs in Thailand. The PC3 did not have clear dependence on location nor process types, probably because PC3 depended more on daily conditions of the process, as observed in samples at WWTP A. Difference of AHL productivity among process types was not significant due to the limited number of samples. However, higher values of PC1 in AO processes imply that AHL productivity is stimulated by the presence of anaerobic conditions. High PC1 value was also observed at WWTP D, where aeration was unexpectedly stopped owing to power failure 10 min before sampling. Therefore, sludge at WWTP D was also under similar conditions to sludge in an aeration tank of an AO process, in which sludge is under aerobic conditions after it has experienced anaerobic condition.
AHL productivity in bulk sludge and cake layer in the MBR process were not significantly different. Quorum sensing is reported to play an important role in membrane fouling and EPS production. [13] [14] [15] [16] [17] However, it is unclear yet that the foulant production via quorum sensing is significant in bulk sludge or in cake layer. Quorum sensing has positive feedback mechanism to produce more signal molecules triggered by the presence of signal molecules at higher concentration than threshold. 2 Therefore, if production of foulants via quorum sensing occurs in the cake layer, higher AHL productivity is expected in cake layer than in bulk sludge. Little difference in AHL productivity between bulk sludge and cake layer observed in this study suggest that foulant production via quorum sensing is not always significantly different between bulk sludge and cake layer.
Relations of AHL profiles with treatment performance
The primary factor to affect treatment performance of activated sludge is sludge settleability. Recently, effects of EPS in floc formation and stability were well discussed in aerobic granules. 3, 32, 33 Two important roles of EPS in aerobic granules were suggested by Liu et al. 33 : (i) altering surface charge of microbial cells and (ii) bridging neighboring cells. Hydrophobic EPS reduce surface charge of microbial cells and enhance floc formation and organization of microbial aggregates. EPS also function to maintain structure of granule by filling in intercellular spaces in microcolonies in the granule. If quorum sensing contributes to EPS production in activated sludge, it is also expected to enhance floc formation and stability to improve sludge settleability in a CAS process. Tan et al. 3 reported that addition of 3O-C 6 -HSL, 3O-C 8 -HSL, and 3O-C 12 -HSL increased EPS production and enhanced granulation of sludge. However, our observation of AHL in practical-scale WWTPs showed inconsistent trend with it. The sludge volume index (SVI) did not show clear correlation with productivity of most AHL species when they were plotted against each AHL productivity ( Figure S1 ). Meanwhile, high productivity of AHL were observed at WWTPs E and F of AO processes, which had low settleability. This fact does not directly indicate mechanistic relations between AHL productivity and sludge settleability, because low sludge settleability is reported in low dissolved oxygen (DO) conditions in AO processes. 34, 35 However, the mechanism to cause low sludge settleablity under low DO conditions is not clearly understood yet. In this study, high production of several AHL were observed in AO processes. Quorum sensing has been considered to positively affect sludge aggregation and settleablity. Our results implies that quorum sensing may be also associated with low sludge settleability. Various AHL species were found to be present in activated sludge in this study. That suggests that various group behaviors can be triggered by those signal molecules. To understand key roles of quorum sensing in activated sludge, further studies are needed to investigate response of activated sludge to each signal molecules.
METHODS

Activated sludge samples
Activated sludge samples were collected at four practical-scale WWTPs in Kanazawa, Japan, three practical-scale WWTPs, and one pilot-scale MBR plant in Bangkok, Thailand (Table 3 ). In Kanazawa, two WWTPs of CAS process and two WWTPs of AO process were chosen to compare AHL profiles between the processes. The sludge samples were also taken at WWTPs in Bangkok to investigate difference between the cities in different climate conditions. In Bangkok, three different processes were chosen for comparison, although samples were taken once at each WWTP due to limitation of sampling period. All the WWTPs treated municipal wastewater except the pilot-scale MBR, which treated wastewater from a university canteen. At WWTP A, samples were taken monthly from April until June, 2007 to observe the monthly change. Suspended solids (SS) concentrations and SVI of the collected sludge samples were analyzed within 24 h according to Eaton et al. 36 The sludge samples collected in Kanazawa was immediately transferred on ice and stored at 4°C until liquid extraction within 24 h. The sludge samples collected in Bangkok was immediately transferred to laboratory and separated into liquid phase and SS part by centrifuge at 4200 × g for 10 min. The liquid phase of WWTP D was immediately sent to liquid extraction. The SS parts were freeze-dried until liquid extraction.
Liquid extraction of AHL AHL in sludge was extracted by liquid-liquid extraction with ethyl acetate according to Shaw et al. 21 AHL was extracted from 900 mL of a sludge sample. The mixed liquor was used for extraction, except samples taken at WWTPs A in June and D, F, and bulk sludge of WWTP K, which were separated into liquid phase and SS phase by centrifuge at 4200 × g for 10 min. The SS phase of the sample was destructed by sonication for 10 min and suspended in equal volume of pure water before liquid extraction. Both SS phase and liquid phase were extracted with equal volume of ethyl acetate. After the first extraction, the residue water phase was extracted again with equal volume of ethyl acetate. The solvent phase from the both extraction were mixed and concentrated by a rotary evaporator. The concentrated extract was dried up under nitrogen stream, then dissolved in 90 µL of acetonitrile for storage.
To determine recovery ratio of AHL, 900 mL of standard solution of each AHL in water was also extracted with the same method and analyzed with LC-FTMS in the method described below. Concentrations of the standard AHL solutions for this recovery test were 100 ng/L (Table S2 ). The extraction was triplicated. The recovery ratio of each AHL was determined from average concentrations of AHL in the triplicated extracts.
Detection of AHL by LC-FTMS
Analysis of AHL extracts was performed using an LC system (Accela, Thermo Scientific, USA) coupled to an Orbitrap MS (Exactive, Thermo Scientific, USA), according to basic procedures by Cataldi et al. 5 Chromatographic separation of the compounds was made using a TSKgel ODS-100V column (2.0 × 150 mm 2 , 5 μm particle size; Tosoh Bioscience, Japan) maintained at 25°C. MilliQ water containing 0.1% formic acid was used as eluent A and 0.1% formic acid in acetonitrile as eluent B. The gradient profile was as follows: 50% A and 50% B for 5 min, linear increase of B to 95% in 7 min, held for 3 min, linear decrease of B to 50% in 0.1 min and held for 5 min. Separations were performed at a flow rate of 0.2 ml/ min to enter the electrospray ionization (ESI) source. AHLs (ranging from C 4 to C 12 , and for 3-oxo substituents and 3-hydroxy substituents) were detected by positive ion mode with the conditions in ESI source of: spray voltage, 4.5 kV; sheath gas, 50 (arbitrary units); auxiliary gas, 10 (arbitrary units); sweep gas, 0 (arbitrary units); capillary temperature, 300°C; capillary voltage, 42.5 V; tube-lens voltage, 85 V; skimmer voltage, 18 V. Full-scan mass spectra were ranged from m/z 100 to 400. The limit of detection for each AHL was 0.1-1 μg/L. A sample was prepared as follows. The extracted Table 4 . External calibration curves were made by analyzing standard AHL chemicals dissolved in acetonitrile for 10-point calibration in the concentration range of 0-2000 μg/L and used for the calculation of AHL concentrations in sample extracts. A concentration of each AHL in a sludge sample was determined from the concentration in a sample extract and recovery ratio in liquid extraction as shown in Table S2 . In this study, 3O-C 6 -, 3O-C 8 -, 3O-C 10 -, and 3O-C 12 -HSL were not discussed owing to their low recovery.
Detection of AHL by TLC bioassay
Ten microliter of a sample extract were spotted on C 18 reversed-phase TLC aluminum sheets (TLC Silica gel 60 RP-18 F 254S , 20 × 20 cm 2 , MerckMillipore, USA) and allowed to dry at room temperature. A TLC chamber was filled with 60% (v/v) methanol solution as the mobile phase and left for 1 h to ensure saturation. The plates were then developed in the mobile phase for 3 h. After the solvent front had migrated to within 2 cm of the top of the chromatogram, the plate was removed from the chromatography tank and dried at room temperature.
The reporter strain Agrobacterium tumefaciens NTL4 (pZLR4) 22 was cultured on a shaker to the late exponential phase at 28°C in LB medium supplemented with 15 mg/mL of gentamicin. The 40 mL of culture was added to 80 mL of the LB medium containing 1.8 g of agar and 60 μg/mL of 5-bromo-4-chloro-3-indolyl-β-D-galacto-pyranoside (X-Gal), then kept at 45°C. The LB agar containing the reporter strain culture was spread over the developed TLC plate. After the agar had solidified, the plates were incubated at 28°C for 24-48 h in a sterilized closed plastic container. If the sample produced or contained AHL, blue spots were detected by the reporter strain due to X-gal hydrolysis, which was induced by the expression of β-galactosidase.
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Each AHL compound was identified by its retention factor R f , which was calculated by:
where a is the distance from the starting point to the center of the spot and b is the distance from the starting point to the solvent front. According to Shaw et al., 21 diameter of each spot were linear over the log10 of the concentration. The diameter of each spot was calculated from the spot area based on pixel counting of the blue spots with Photoshop CC 2015 (Adobe, USA). Blue color components were extracted from the image, then the extracted image of each spot were cut and binarized by threshold that matches well with the overlaid color image of the spot on the TLC plate. The area of each spot was calculated by counting positive pixels in the binarized spot image. A representative diameter of each spot was calculated assuming the spot is a circle. AHL concentrations of a sample were calculated from a ratio of the representative diameter to the log10 of the concentration of the standard solutions. Detection limit of each AHL species was tested with standard solutions.
Multivariate analysis
PCA was performed with R Studio version 1.1.456 by using normalized datasets of AHL productivity, which was calculated as the amount of AHL per unit weight of sludge.
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